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The Ins and Outs
of Intracellular Chloride
in Olfactory Receptor Neurons
Stimulation of olfactory receptor neurons with odors
culminates in opening of a ciliary Ca2+-activated Cl−
channel. Because intracellular Cl− ([Cl−]i) is above
electrochemical equilibrium in these cells, the result
is cell depolarization that triggers action potentials
that carry information to the olfactory bulb. In this is-
sue of Neuron, Reisert and coworkers use combined
pharmacological and mouse genetic approaches to
show that the transporter responsible for maintaining
Cl− above electrochemical equilibrium is NKCC1, a
Na+2Cl−K+ cotransporter found in other tissues, in-
cluding neurons.
Odors interact with receptors on the plasma membrane
of olfactory cilia, thin, hair-like processes that the olfac-
tory receptor neuron (ORN) extends from the olfactory
knob into the mucus layer overlaying the olfactory epi-
thelium (Buck, 2000) (Figure 1). Activation of the recep-
tor by the odor ligand elicits a G protein-mediated
increase in cyclic adenosine 3#,5# monophosphate
(cAMP) that triggers opening of a cyclic nucleotide-
gated channel (CNG) permeable to monovalent cations
and calcium (Gold, 1999; Schild and Restrepo, 1998).
Interestingly, although Ca2+ permeates the channel, it
also blocks it at physiological concentrations, and as a
result, the current resulting from opening of the CNG
channel contributes only slightly to cell depolarization
(Frings et al., 1995). Thus, the major role of the CNG
channel is not to depolarize the cell, but rather to medi-
ate a large increase in intracellular Ca2+ ([Ca2+] ) in theilumen of the olfactory cilia (Leinders-Zufall et al., 1998).
The increase in [Ca2+]i, in turn, mediates opening of a
ciliary Ca2+-activated Cl− channel that causes cell de-
polarization due to the presence of high intracellular Cl−
in the lumen of the cilia (Kleene and Gesteland, 1991;
Kurahashi and Yau, 1993; Lowe and Gold, 1993). In ro-
dents, the opening of the Cl− channel results in nonlin-
ear amplification of the depolarizing signal increasing
the transduction current approximately 10-fold over the
CNG current alone. Mediation of the odor response by
tandem opening of CNG and Ca2+-activated Cl− chan-
nels also renders the response resilient to changes in
monovalent cation concentration in the mucus, which
may be particularly important in aquatic species.
Mediation of the depolarizing response by Ca2+-acti-
vated Cl− channels requires that intracellular chloride
concentrations ([Cl−]i) be above electrochemical equi-
librium. This is unusual, because, with few exceptions,
neurons in adult organisms maintain Cl− near electro-
chemical equilibrium (Payne et al., 2003). In addition,
the large size of the transduction current and the small
volume of the cilia (0.2 m in diameter) place stringent
requirements on mechanisms maintaining levels above
electrochemical equilibrium, because, during responses
to odors, the chloride efflux through the Ca2+-activated
Cl− channels can deplete chloride rapidly in the ciliary
lumen (Lindemann, 2001).
Two recent manuscripts, one in this issue of Neuron,
shed light on the mechanisms mediating uptake of
chloride into olfactory receptor neurons. A recent
manuscript by Kaneko and coworkers reports the use
of two-photon fluorescence lifetime imaging micro-
scopy (2P-FLIM) with a fluorescent Cl− indicator to
measure the intracellular chloride concentration in ol-
factory receptor neurons in excised olfactory epithelia
from rodents (Kaneko et al., 2004). These investigators
report intracellular chloride concentrations of 40–50
mM, confirming earlier studies (Reuter et al., 1998) indi-
cating that olfactory receptor neurons maintain con-
centrations of [Cl−]i above electrochemical equilibrium.
Interestingly, they found a standing chloride gradient
with the highest intracellular chloride concentration in
the olfactory knob and a steady drop down the dendrite
from the knob to the cell body, which the authors inter-
pret as an indication that the site of uptake of Cl− is at
the olfactory knob and/or the cilia. Based on sensitivity
of Cl− uptake to the Na+2Cl−K+ cotransporter inhibitor
bumetanide and on a survey by the polymerase chain
reaction, these authors suggested that Cl− uptake
takes place through NKCC1, a Na+2Cl−K+ cotransporter
found in other tissues, including neurons (Payne et al.,
2003). Through this PCR survey, they also show that
ORNs do not express KCC2, the main Cl− extrusion co-
transporter operating in neurons of the adult CNS.
The manuscript by Reisert and coworkers in this is-
sue of Neuron (Reisert et al., 2005) provides proof that
the transporter responsible for Cl− uptake in ORNs is
NKCC1. Reisert and coworkers show that a drastic re-
duction in odor-activated current in ORNs from NKCC1
knockout mice is due to a decreased current flow
through Ca2+-activated Cl− channels. Importantly, they
also provide pharmacological evidence that bumeta-
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tnide produces a similar decrease in odor-activated Cl−
Rcurrent. The combined pharmacological and genetic
Napproaches provide solid evidence that the transporter
Sinvolved in Cl− uptake in ORNs is NKCC1. The authors
also characterized the distribution of the NKCC1 using
D
immunofluorescence and make the surprising observa-
tion that NKCC1 is found distributed uniformly through-
out the dendritic and soma plasma membrane of the
ORNs, but not in the cilia. They suggest the NKCC1
increases intracellular chloride above electrochemical
equilibrium throughout the ORN, allowing the soma and
dendrite to serve as a large Cl− reservoir that the cell
can utilize to maintain intralumenal Cl− elevated within
the cilia during the response to odors.
While the observation of a uniform distribution of
NKCC1 in the plasma membrane of the ORNs appears
contradictory to the finding of a standing [Cl−]i gradient
by Kaneko and coworkers, potentially interesting ex-
planations may exist. For example, while the distribu-
tion of the cotransporter may indeed be uniform, the
[Cl−]i may vary from knob to soma due to spatial varia-
tion in the driving force caused by a standing gradient
of intracellular Na+. In addition, the functional status of
NKCC1 may differ depending on location along the
dendrite.
Regardless, the work of Reisert and coworkers shows
that NKCC1 is the cotransporter responsible for Cl− ac-
cumulation in ORNs. Thus, like CNS neurons in neo-
nates, ORNs in adult rodents express the Na+-K+-2Cl−
cotransporter NKCC1, resulting in intracellular chloride
concentrations above electrochemical equilibrium. Un-
like most neurons in the adult nervous system, ORNs
avoid the “chloride switch”: they do not express KCC2,
the main Cl− extrusion cotransporter operating in the
majority of neurons of the adult CNS. As a result, ORNs













KFigure 1. Diagram Showing the Proposed Mechanism for Regula-
(tion of Intracellular Chloride by NKCC1 in Olfactory Receptor
Neurons K
3Olfactory transduction takes place in the cilia of the olfactory re-
ceptor neuron (top panel). Odors (black ovals) bind to olfactory re- K
ceptors that stimulate a G protein (Golf) that in turn activates ade- L
nylyl cyclase type III (AC). The subsequent increase in intralumenal (
cAMP elicits opening of a cyclic nucleotide-gated channel (gCNG)
Lallowing Ca2+ to enter the cilium. The elevation in [Ca2+]i activates
La Ca2+-activated Cl− channel allowing efflux of Cl−, thereby causing
cell depolarization. Intracellular Cl− is kept elevated above electro- P
chemical equilibrium by the Na+-K+-2Cl− cotransporter NKCC1. riego Restrepo
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